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Summary
The bacterial toxin pneumolysin is released as a solu-
ble monomer that kills target cells by assembling into
large oligomeric rings and forming pores in choles-
terol-containing membranes. Using cryo-EM and im-
age processing, we have determined the structures
of membrane-surface bound (prepore) and inserted-
pore oligomer forms, providing a direct observation
of the conformational transition into the pore form of
a cholesterol-dependent cytolysin. In the pore struc-
ture, the domains of the monomer separate and
double over into an arch, forming a wall sealing the
bilayer around the pore. This transformation is ac-
complished by substantial refolding of two of the four
protein domains along with deformation of the mem-
brane. Extension of protein density into the bilayer
supports earlier predictions that the protein inserts 
hairpins into the membrane. With an oligomer size of
up to 44 subunits in the pore, this assembly creates
a transmembrane channel 260 Å in diameter lined by
176  strands.
Introduction
Infection with Streptococcus pneumoniae causes com-
mon diseases including pneumonia, meningitis, and
otitis media; affects several million people per year in
the United States; and is a significant killer of infants
in developing countries. Pneumolysin (PLY) is a major*Correspondence: h.saibil@mail.cryst.bbk.ac.ukvirulence factor of S. pneumoniae (Berry et al., 1989)
and is a strong candidate for a vaccine, as it has been
well characterized as a protective immunogen and var-
ies little with serotype. Despite the considerable bio-
medical interest and effort in studying this family of tox-
ins, there is little direct structural information on how
pneumolysin transforms from a soluble 52 kDa mono-
mer into a 30–50 subunit oligomeric pore inserted into
target cell membranes.
PLY is a member of the cholesterol-dependent cyto-
lysin (CDC) family (Alouf, 2000; Palmer, 2001; Gilbert,
2002), a large group of proteins that attack cholesterol-
containing membranes, forming ring-shaped pores that
mediate cell death. A second biological activity contrib-
uting to the virulence of PLY is the activation of the
complement pathway (Paton et al., 1984; Mitchell et al.,
1991; Alexander et al., 1998). Two mechanisms have
been proposed for pore formation by the CDC family.
Studies of streptolysin O led to the proposal that mono-
mers bind to the membrane and insert before oligomer-
ization takes place in the membrane to form the pore
(Palmer et al., 1998). In contrast, studies with perfringo-
lysin O (PFO) suggest that monomers bind to the mem-
brane and oligomerize on the surface to form a prepore
ring before the entire oligomer inserts to form the pore
(Shepard et al., 2000; Hotze et al., 2001; Hotze et al.,
2002; Heuck et al., 2003). More recently it was demon-
strated that streptolysin O also could form a prepore
state (Heuck et al., 2003), providing support for the idea
that members of this family share a common mecha-
nism of pore formation.
The 2.7 Å crystal structure of monomeric, soluble
PFO (Rossjohn et al., 1997) provides a model for all
members of the CDC family, which share biochemical
activities and exhibit high sequence homology. Since
PLY and PFO have 46% sequence identity and 67%
similarity, the structure of PFO provides an accurate
model for the monomeric form of PLY. PFO has a flat,
elongated shape, with four domains consisting of
mainly β sheet structure, and a hydrophilic surface. Do-
mains 1, 2, and 4 are arranged linearly, with domain 3
packed loosely against the side of domain 2. Domain 4
contains a conserved tryptophan-rich motif that is
thought to interact with cholesterol and is essential for
cytolytic activity (Sekino-Suzuki et al., 1996; Korchev et
al., 1998). The central β sheet of domain 3 is flanked by
two groups of α helices that have been predicted to
refold into β hairpins and insert into a lipid environment
on the basis of spectroscopic experiments with labeled
cysteine mutants (Shepard et al., 1998; Shatursky et al.,
1999). The resulting pore would be lined by a large
transmembrane β barrel, with four strands donated by
each CDC monomer.
In an earlier cryo-electron microscopy (cryo-EM)
study, we characterized two oligomeric forms of PLY: a
helical form in solution and a membrane-surface bound
form (Gilbert et al., 1999). Rings and helical assemblies
form spontaneously in concentrated solutions of the
protein. A three-dimensional (3D) reconstruction of the
helical form revealed the orientation of the monomers
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248in the oligomer and showed a large rotation of domain s
t4, accompanied by the release and disordering of do-
main 3 from its docked position against domain 2, re- c
ssulting in a bent subunit conformation. In the presence
of cholesterol-rich liposomes, PLY formed oligomeric i
1rings bound to the membrane surface. A 3D reconstruc-
tion of this membrane-surface bound form showed the m
wmonomers in an extended conformation, with only the
bottom of domain 4 contacting the membrane. The bi- W
mlayer was continuous under the rings. This membrane-
surface bound oligomer was subsequently identified as r
cthe prepore form (Gilbert, 2002).
Here we present a greatly improved structure of the s
aprepore form and a 3D structure of the fully inserted
pore form of pneumolysin, determined by cryo-EM and H
simage processing. The transition from the prepore to
the pore form involves exceptionally large conforma- a
ktional changes, with the initially extended molecule
doubling over into a bent conformation, extruding parts p
oof domain 3, and deforming the membrane to form a
gigantic β barrel piercing the bilayer. T
c
bResults
Adding PLY to cholesterol-rich liposomes on ice and C
Sincubating briefly at 37°C yields a mixture of liposomes
with membrane bound oligomers associated with either a
(continuous or discontinuous bilayers, naked liposomes,
and free PLY rings not associated with membrane. A w
scryo-EM image of the preparation is shown in Figure
1A. Two different membrane bound forms are distin- i
tguishable in tangential views through the edges of theFigure 1. Cryo-EM Images of Liposomes with
Bound Pneumolysin Oligomers
(A) Raw cryo-EM image of liposomes after 5
min incubation with a 1:2000 molar ratio of
PLY to lipid at 37°C. Examples of prepore
oligomers (inset, solid bars) and a mem-
brane-inserted pore (open rectangle) are la-
beled. Two vesicles are joined by a pair of
back-to-back prepores (double line).
(B) Raw images of individual prepores.
(C) A selection of averaged views of the pre-
pores. Each average contains between 4 and
9 images. The angle of tilt increases along
the row.
(D) Reprojections of the prepore 3D map at
Euler angles corresponding to those of the
class averages in (C).
(E) Raw images of individual pneumolysin
pores.
(F) A selection of averaged views of 38-mer
pores. Each average contains between 6 and
13 images. The angle of tilt increases along
the row.
(G) Reprojections of the 38-mer pore 3D map
at Euler angles corresponding to those of the
class averages in (F).
(H) A selection of averaged views of 44-mer
pores. Each average contains between 5 and
9 images. The angle of tilt increases along
the row.
(I) Reprojections of the 44-mer pore 3D map
viewed at the same angles as the class aver-
ages in (H).
Scale bars, 350 Å.pherical liposomes. A surface bound form with an in-
act bilayer (previously described in Gilbert et al., 1999)
an be identified as the prepore form (Figure 1A, inset,
ingle lines), and a short, neck-like structure surround-
ng a hole in the bilayer is clearly the pore form (Figure
A, open rectangle). Around 900 side views of both
embrane bound forms, along with some end views,
ere extracted from the same set of 135 micrographs.
hen the 37°C incubation was maintained for 5–10
in, the protein bound liposomes appeared to disinteg-
ate or aggregate (data not shown). If the sample is in-
ubated at room temperature, stable liposomes are ob-
erved with only prepore rings (Gilbert et al., 1999), in
greement with previous findings (Shepard et al., 2000;
euck et al., 2003). The protein distribution on lipo-
omes is not homogeneous. Liposomes heavily decor-
ted with prepores and pores often lie adjacent to na-
ed ones. This may be due to differences in physical
roperties such as membrane surface tension or to co-
perative changes in the protein-liposome complexes.
here was a wide range of liposome diameters, but no
orrelation between membrane curvature and protein
inding was observed.
ryo-EM Map of the Prepore
ide-view images of the prepore rings show two char-
cteristic spikes defining the edges of the oligomers
Gilbert et al., 1999; Figure 1B). Images of these rings
ere extracted from the micrographs, aligned, and
orted into classes according to their features. Averag-
ng the images within classes substantially improves
he signal-to-noise ratio and structural detail (Figure
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2491C). The bilayer is unbroken beneath the prepore, but
protein density penetrates into the upper leaflet. The
symmetry of the prepore was estimated by comparing
the ring diameter to that of end views for which the
subunit number could be determined by rotational sym-
metry analysis. An initial 3D reconstruction was gener-
ated by applying the estimated symmetry to the side-
view class average that contained the most data with
the least variance. Refinement of the alignment and
classification revealed that the rings have a range of
tilts within 20° of the exact side view. Because of the
high symmetry and side-view orientations, the data set
provides a complete tomographic series around the
symmetry axis. The range of diameters was limited
(265–300 Å), unlike that of the free PLY rings originally
characterized (Morgan et al., 1995). The final 3D map
was determined from 32 class averages and has a reso-
lution of 28 Å at 0.5 Fourier shell correlation. The sym-
metry was determined to be 31 ± 3 on the basis of
sharpness (contrast) of map features and the spacing
consistent with the average width of the subunit. Sym-
metries from 27 upwards all produced very similar den-
sity sections along the side view of the subunit (Figure
S1). Reprojections of the 3D reconstruction are in good
agreement with the class averages at the same orienta-
tions (compare Figure 1C with Figure 1D), confirming
the consistency of the 3D map with the image data.
Cryo-EM Maps of Membrane Pores
The pores are clearly recognizable since they form
large holes in the membrane and are accompanied by
dramatic changes in the protein shape and in its rela-
tionship to the membrane (Figure 1E). Even on the raw
images it is evident that the bilayer is broken and the
angle between the membrane bilayer and the plane of
the ring is larger. (It should be noted that surrounding
areas of membrane contribute to these side-view pro-
jections.) The pore images were processed in the same
way as the prepores, but the pores vary more in diam-
eter (320–430 Å). Isolated pore views were less abun-
dant in the images because aggregation of the pore-
containing liposomes caused them to be obscured by
overlapping structures. The images were mainly distrib-
uted in two size groups corresponding to 38-mer and
44-mer forms. In both cases the class averages confirm
that the protein density protrudes less from the mem-
brane surface (Figures 1F and 1H).
Three-dimensional reconstructions were calculated
for the two pore diameters observed. The symmetries
were estimated in the same way as for the prepore
form, with an uncertainty of ±3 subunits. Class aver-
ages used to generate the 3D reconstructions are
shown in Figures 1F and 1H along with reprojections of
the corresponding 3D reconstructions (Figures 1G and
1I). The resolution is 29 Å for the 38-mer and 31 Å for
the 44-mer at 0.5 Fourier shell correlation.
The full prepore and pore density maps are shown
with surface rendering (Figures 2A and 2B). Central
density cross-sections through the prepore and pore
maps are contoured in Figures 2C and 2D. The outer
surface of the pore has a radially protruding ridge (*,
Figure 2D) that is absent in the prepore, and a thin wall
of density lines the pore (bracket, Figure 2D). The endprojections of the two forms are quite distinct (Figures
2E and 2F) and allow the two conformations to be dis-
tinguished in end views.
In order to check the reliability of the pore structure,
small wedges of density corresponding to three adja-
cent subunits were extracted from the 38- and 44-mer
maps. These were aligned and their weighted average
was calculated. The features are clearer in the averaged
map, showing that the asymmetric unit is consistent
between the 38- and 44-mer structures. Comparison of
the two maps by Fourier shell correlation showed that
they are consistent to a resolution better than 28 Å (0.5
correlation). Contoured densities of the side view and
three transverse sections are shown for the prepore
and averaged pore maps in Figure 3, showing the large
rearrangement of domains upon pore formation.
Atomic Structure Fitting into the 3D Maps
Prepore Form
To model the prepore state, the crystal structure of PFO
(Rossjohn et al., 1997) was fitted into the PLY cryo-EM
map as two rigid bodies (domains 1–3 and domain 4)
that are connected at a single hinge point. The 31-fold
symmetry chosen on the basis of map quality resulted
in close contacts between adjacent subunits without
major clashes. The shape of PFO domains 1, 2, and 3
(Figure 4A; blue, green, and red, respectively) is easily
recognized in the prepore density and can be readily
fitted. A pocket in the density corresponds to the hole
in the structure between domains 2 and 3. Domain 4
(yellow, PFO residues 391–500) is shifted up and to the
left by w15 Å relative to its position in the monomer
crystal structure in Figure 4A (arrow) and is twisted
about its long axis to fit into the narrow stem of density.
The shift of domain 4 relative to domain 2 shows that
there must be significant distortion of their interface in
the prepore oligomer. The topology of the central β
sheet (red) and short flanking helices (orange) in do-
main 3 is shown on the right of Figure 4A. The prepore
density clearly accommodates the helical regions. The
group of helices on the inside of the ring (on the right
of the section in Figure 4A) fits neatly into a bulge in
the density.
Examination of the oligomeric packing reveals some
minor clashes in intersubunit packing in domains 1 and
3 (PFO residues 135–140 with 156–160 and 354–356 in
domain 1; 326–332 with 178–182 and 225–227 in do-
main 3). Because of these clashes, the loop containing
residues 134–142 in domain 1 was omitted from the fi-
nal fit. The view of three adjacent subunits from outside
the ring reveals that domains 1–3 pack well into the
density but that there is some sideways tilt of domain
4 relative to its orientation in the crystal structure (Fig-
ure 4B, arrow).
The tip of domain 4, including the conserved trypto-
phan-rich loop, clearly penetrates the upper leaflet of
the intact lipid bilayer, as observed in our earlier study
(Gilbert et al., 1999) and suggested by biochemical and
spectroscopic observations (Nakamura et al., 1995; Na-
kamura et al., 1998; Heuck et al., 2000; Ramachandran
et al., 2002; Heuck et al., 2003). The structure of the
prepore is similar to that in our earlier study but is much
better defined in the present work.
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(A) Surface-contoured view of the prepore on the extracted disk of liposome membrane. The prepore oligomer is 290 Å in diameter and the
protein ring is 60 Å thick. The prepore rises 100 Å above the bilayer surface and penetrates 20 Å into the upper leaflet of the membrane.
(B) Equivalent surface view of the 38-mer pore with a surrounding ring of membrane. The pore is 400 Å in diameter and the protein ring is
85 Å thick. The pore rises 70 Å above the bilayer surface and also penetrates 20 Å into the upper leaflet of the membrane.
(C) Contoured cross-section through the prepore structure.
(D) Cross-section through the 38-mer pore. *, protruding ridge; bracket, pore-lining density.
(E) Contour plot showing part of the end projection of the prepore.
(F) End projection of the pore. Contour plots in this figure and the following figure were prepared with the CCP4 program NPO (CCP4, 1994).Conformational Changes and Domain Fitting 2
pin the Pore State
A dramatic conformational change is obvious in the e
iimages of the pores (Figures 2D, 3B, and 4C). Domains
2 and 3 are massively restructured and cannot be fitted a
ias rigid bodies from the PFO monomer crystal struc-
ture. Domains 1 and 4 are still recognizable, but the 3
tentire molecule is doubled over into an arch, with a thin
sheet of density forming a wall around the edge of the 5
mpore. In order to approximate a fit to the pore structure,
the PFO crystal structure was separated into six rigid
ubodies as described below, and these were fitted sepa-
rately into the density. i
dDomain 1 (blue, PFO numbering 91–172, 231–272,
354–373) was fitted intact except for 23 N-terminal resi- s
sdues that protruded from the density (Figure 4C). The
extent of domain 2 is defined by its connections to do- s
mmains 1 and 4. Their separation decreases by 30 Å in
the vertical direction so that domain 2 is buckled in the f
cpore structure (Figure 3). To allow for the sharp bend,
domain 2 (green) was split into two parts (upper, 53–62, c
i83–90, 374–381; lower, 63–82, 382–390) at a region of
high temperature factors in the crystal structure (59– o
t62). The two halves of domain 2 were stacked into the
upper part of the ridge of density projecting outwards
bfrom the ring. Domain 3 (red, 177–186, 221–230, 273–83, 316–353) was fitted without the regions that are
redicted to form transmembrane structures (Shepard
t al., 1998; Shatursky et al., 1999) or the loop, contain-
ng residues 173–176, that connects it to domain 1. In
ccordance with recent data on edge-strand contacts
n PFO oligomers (Ramachandran et al., 2004), domain
was twisted slightly to allow the formation of a con-
inuous β sheet around the ring. Domain 4 (yellow, 391–
00) was fitted intact into the density connecting to the
embrane surface.
The view from outside of the ring shows that the sub-
nits pack consistently into the density (Figure 4D). As
n the prepore, the oligomeric contacts are made by
omains 1 and 3, and the packing between adjacent
ubunits is looser at the level of domains 2 and 4. The
ame loops in domains 1 and 3 give minor clashes in
ubunit packing, as in the prepore. The symmetry esti-
ates of 38 for the smaller pore (Figure 2G) and 44
or the larger one (Figure 2I) gave reasonable packing
ontacts. Within the subunit there are some minor
lashes involving domains 2 and 3. Since there is signif-
cant refolding in these regions, rigid-body fitting can
nly give an approximate description of their conforma-
ions.
The wall of density lining the pore (Figure 2D,
racket) is consistent with the prediction that the heli-
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251Figure 3. Contoured Sections of Prepore and Pore Density Maps
(A) Contoured radial section through one subunit of the prepore map, with transverse sections at different heights as indicated by the lines
through the radial sections. The major density features in the protein are colored.
(B) Corresponding sections for the averaged pore map.cal regions of domain 3 refold into β hairpins that pene-
trate into the membrane (Shepard et al., 1998; Shatur-
sky et al., 1999). Since there is no β barrel in the Protein
Data Bank large enough to provide model hairpins for
this pore structure, four straight β strands were used to
model two idealized β hairpins as the pore lining. These
provided the final rigid body for fitting (orange, 187–220
and 284–315, Figure 4C). The hairpin topology is shown
to the right of Figure 4C. If the strands are fully ex-
tended and run almost vertically, the hairpins are long
enough to traverse the membrane. The oligomeric
packing of the β hairpins is compatible with the forma-
tion of a continuous β barrel lining the pore (Figure 5A).
In the 38-mer this would contain 152 β strands; the 44-
mer would contain 176. In the case of the 38-mer, the
barrel circumference with 152 vertical strands spaced
at 4.8 Å would be 729 Å, in agreement with the ob-
served pore circumference of w730–790 Å. Even with
the larger figure, the additional circumference per sub-
unit only allows the hairpins to incline around 2° from
the barrel axis.
Another remarkable feature of the pore structure is
the deformation of the membrane bilayer. Relative
to the plane of the PLY ring, the membrane interacts
with the protein at a steeper angle in the pore form than
in the prepore (Figures 2C and 2D). This deformation is
responsible for the vase-like shape of small liposomes
with a single pore (Figure 1A). A 13° rotation of the
cross-section of a pore subunit is needed to superpose
its bilayer on the equivalent region of the prepore bi-
layer (Figure 5B), demonstrating that the conforma-tional change from prepore to pore imposes a 13° out-
ward bend on the membrane. Although domain 4 was
fitted independently into the two maps, the superposi-
tion shows that they have a similar association with
the membrane.
Discussion
Our cryo-EM structures of prepore and pore com-
plexes, combined with the crystal structure information
on PFO (Rossjohn et al., 1997), provide a direct view of
the dramatic conformational changes in pore formation
by the CDCs. It is now clear that our previously re-
ported membrane bound form is the prepore state and
the new form described here is PLY in the pore state.
In our previous work we considered the possibility that
the surface bound form was the pore with a disturbed
but not broken bilayer since the preparation kept at
room temperature had hemolytic activity and no other
membrane bound structures were seen by EM (Gilbert
et al., 1999). We subsequently discovered that it was
necessary to heat the samples to 37°C to form suffi-
cient numbers of pores for observation by EM. Remark-
ably, the helical oligomers formed at high protein con-
centration and room temperature in the absence of
membranes (Gilbert et al., 1999) show a bent protein
conformation that resembles the pore state.
Variations in Subunit Number
Size variations are typical of CDC oligomers (Olofsson
et al., 1993; Sekiya et al., 1993; Morgan et al., 1995),
Cell
252Figure 4. Atomic Structure Fits of Prepore
and Pore Structures
(A) Cross-section through one side of the
prepore map with the fitted domains of one
subunit. Coloring: domain 1, blue; domain 2,
green; domain 3, red (predicted transmem-
brane regions, orange); domain 4, yellow. Ar-
row, direction of domain 4 displacement rel-
ative to the crystal structure.
(B) View of three subunits from the outside
of the prepore, with the map rendered as a
semitransparent surface. Arrow, direction of
domain 4 tilt relative to the crystal structure.
(C) Cross-section through the summed pore
map, displayed as in (A). The transmembrane
hairpin model is colored orange. *, trypto-
phan-rich loop at the bottom left of domain 4.
(D) View of three subunits from the outside
of the pore, with the map rendered as a
semitransparent surface.but the cause of the variable assembly is unknown. The v
mpores vary more in size than the prepores. With 35–
47 subunits forming the pore oligomers, differences of m
mseveral subunits have no visible effect on the side-view
section (Figure S1) and only minor effects on the sub- f
munit packing. For the isolated rings studied in earlier
negative-stain EM work, the symmetry varied between a
m40 and 50 (Morgan et al., 1995). The resolution of our
maps is most likely limited by heterogeneity in the num- l
mber of subunits. We have no explanation for the ob-
served size distribution of prepores and pores in our m
preparations. The prepores all had about 31 subunits,
whereas the pore rings had a range of symmetries from B
38 to 44. Although there is some uncertainty about the t
exact value for the symmetry, the ring diameters define M
the relative numbers of subunits in the three structures. m
It appears that the smaller prepores in our preparation i
are less capable of insertion within the short time t
period after 37°C incubation. We are restricted to a t
short time window because of aggregation and disin- m
tegration of the pore-containing liposomes. In a recent w
AFM study on PFO, no significant changes were seen in (
the ring diameter when individual rings converted from t
prepores to pores (Czajkowsky et al., 2004). t
c
cAssembly Contacts Are Made by Domains 1 and 3
The atomic structure docking reveals that oligomeriza- r
ttion contacts are formed by domains 1 and 3. Despite
the large conformational changes that occur between i
tprepore and pore forms, the oligomer contacts remainery similar. In domain 1, loops on the sides of the do-
ain clashed in the oligomer fit, showing that there
ust be some rearrangement during assembly. In do-
ain 3, PFO residues 326–332 must be moved to allow
or oligomer contacts, and this region is implicated in
ovements that expose the edge strand for assembly
s predicted by fluorescence and mutagenesis experi-
ents (Ramachandran et al., 2004). Changes in the
ower part of domain 2 in the prepore form (see below)
ay facilitate the partial release of domain 3 for this
ovement.
uckling of Domain 2 Brings the Inserting Regions
o the Membrane
ost of the movement causing the folding over of the
olecule occurs in domain 2, which does not form any
ntersubunit contacts. It appears that deformation of
his long, thin domain begins with oligomerization and
he formation of the prepore. In the prepore form, do-
ains 2 and 3 remain closely associated, consistent
ith their ability to form a disulfide bond in that state
Hotze et al., 2001). However, the 15 Å shift and rota-
ions between domains 2 and 4 in the prepore show
hat their interface becomes quite distorted. This
hange is likely to trigger a local conformational
hange in the lower part of domain 2. Once the prepore
ing is fully assembled, the major conformational transi-
ion takes place—domain 2 folds in half, fully dissociat-
ng from domain 3 and lowering it by 30 Å to approach
he membrane surface. Interestingly, the two halves of
Pore Formation by the Bacterial Toxin Pneumolysin
253domain 2 have some conserved charged residues, so
a favorable electrostatic interaction may be formed in
the folded conformation. This conformational change
explains why the PLY mutation R31C (equivalent to F63
in PFO) in the region of the sharp bend of domain 2 in
the pore conformation reduces cytolytic activity by
25% (Hill et al., 1994). The AFM study reports a 40 Å
decrease in height above the membrane between pre-
pore and pore forms in PFO (Czajkowsky et al., 2004),
in good agreement with our 3D structural findings. The
authors of that study have proposed that a change in
domain 2 is responsible for the height decrease, a hy-
pothesis that has been verified by our 3D structure de-
termination. An alternative to our proposal for the
mechanism of shortening domain 2 by a sharp bend in
its β sheet is to convert its β strands into α helices.
However, it is hard to see how three helices could fit
into the density while maintaining the connections to
domains 1 and 4.
Membrane Interactions of Domains 4 and 3
The interaction of domain 4 with membrane is well doc-
umented and was observed in our previous membrane
bound structure (Gilbert et al., 1999). Fluorescence
analysis suggests that only the bottom of domain 4
penetrates into the membrane hydrophobic core in
both prepore and pore states (Heuck et al., 2000; Heuck
et al., 2003). Indeed, in our fitted structures domain 4
penetrates to the same depth and at a similar angle
relative to the bilayer in the two independently fitted
models. Domain 4 does not form oligomeric contacts,
so the rest of its surface remains accessible to the
aqueous environment, in agreement with fluorescence
measurements (Ramachandran et al., 2002).
The conserved tryptophan-rich loop in domain 4
(ECTGLAWEWWR; residues 458–468 in PFO, 427–437
in PLY) was identified early on as being important in
membrane binding and pore formation. Mutations in
this motif, especially at W433 in PLY (Mitchell et al.,
1992; Hill et al., 1994; Sekino-Suzuki et al., 1996;
Korchev et al., 1998), greatly reduce cytolysis by block-
ing either membrane binding or prepore-to-pore con-
version (Gilbert, 2002; Giddings et al., 2003). Circular
dichroism studies suggest that a conformational
change occurs in the tryptophan loop after PFO bindsFigure 5. Conformational Changes in Pore
Formation
(A) View of six fitted subunits showing the
pore lining.
(B) Overlay of prepore and pore structures,
with the domains colored as in Figure 4A.
The cross-section of one side of the pore
structure was rotated by 13° in order to bring
the membrane bilayers into register and al-
low comparison of the protein subunit con-
formational changes relative to the mem-
brane surface. Green arrow, direction of
movement from the extended to the bent
conformation.to the membrane (Nakamura et al., 1995). Although the
conformation of the tryptophan loop cannot be deter-
mined from our maps, the fitting clearly places it in the
upper leaflet of the bilayer, oriented toward the outer
edge of the pore (Figure 4C).
The refolding of two helical regions on domain 3 into
membrane-inserted β hairpins was proposed on the ba-
sis of hydrophobic probe mapping indicating the inser-
tion of alternate residues into a lipid environment con-
sistent with a β sheet conformation (Shepard et al.,
1998; Shatursky et al., 1999). In the prepore structure,
domain 3 is too far above the membrane to make con-
tact, but the collapse of domain 2 in the pore structure
brings domain 3 close enough for the hairpins to insert.
Although the alternating hydrophobic/hydrophilic pat-
tern is not very marked, sequence analysis of the CDC
family is consistent with the formation of amphipathic
β hairpins (R. Long, S.J.T., H.R.S., and L. Wernisch, un-
published data). Since there is no 3D structural infor-
mation on the hairpins, we used idealized, model β hair-
pins to approximate the pore lining. Two vertical,
straight hairpins provide a very plausible model and
show that there is little scope for tilting since tilted
strands would not reach the bottom of the membrane
and tilting would accommodate fewer subunits in the
pore lining, giving a greater subunit separation at do-
mains 1 and 3 (Figure 5A). The model is entirely consis-
tent with the hydrophobic probe mapping.
The Role of Cholesterol
In our structures, the tryptophan loop penetrates the
upper leaflet of the bilayer but does not form any inter-
or intrasubunit contacts, so its main interaction is likely
to be with cholesterol and phospholipids. Many obser-
vations have suggested that membrane binding of
CDCs requires cholesterol (Nakamura et al., 1998;
Heuck et al., 2000; Palmer, 2001), but the precise role of
cholesterol is still unclear. Preincubation of CDCs with
cholesterol inhibits cytolysis and suggests that these
proteins have either one (Jacobs et al., 1998; Nollmann
et al., 2004) or two (Ohno-Iwashita et al., 1988) choles-
terol binding sites. For listeriolysin, cholesterol pretreat-
ment has been shown to inhibit oligomerization. Never-
theless, the pretreatment enables listeriolysin to insert
into cholesterol-free liposomes, which would not other-
wise support binding (Jacobs et al., 1998).
Cell
254b
4The interaction of CDCs with cholesterol in solution
mappears distinct from their interaction with cholesterol
tin membranes. A much higher cholesterol content (45–
c55 mol%) is needed for pore formation in vitro, and a
gflow cytometry study suggests that cholesterol is more
bimportant for pore formation than for initial binding, at
tleast in some members of the CDC family (Giddings et
fal., 2003). The role of cholesterol may be to provide the
phydrophobic seal around the inserted protein loops of
domain 4 and hairpins of domain 3, which cannot be
Eprovided by the more bulky phospholipids. It may help
to stabilize the unusual arch structure of the protein by
P
occupying the region of membrane between domains 3 P
and 4 or enable the membrane to form the sharp bend (
prior to breakage. u
d
wScheme for Pore Formation
iIn Figure 6 we present a mechanistic scheme of pore
s
formation based on the prepore and pore structures de- w
termined here, domain docking, and previous biophysi- t
cal data. Domain 1 provides a stable platform from c
which the other mobile domains are suspended. Bind-
Eing of a monomer to the membrane surface via the bot-
Ptom of domain 4 does not require any domain move-
1ments (Figure 6A), although there may be local changes
e
at the conserved tryptophan loop that penetrates the t
upper leaflet of the bilayer (Rossjohn et al., 1997). Mem- a
brane binding promotes oligomerization (Figure 6B), 1
twhich changes the interface between domains 2 and 4.
IRotation and shift between domains 2 and 4 (Figures
m4A and 4B) disrupt the bracing action of loop 413–423
o
(PFO numbering) at the top of domain 4 that supports d
the long, thin domain 2. Domain 2 starts to bend, de-
forming its weak and hydrophilic interface with domain I
S3 (Rossjohn et al., 1997), which also twists or deforms
pslightly to bring sheets of adjacent subunits into regis-
lter. Oligomerization and these changes in domains 2–4
vproduce the prepore state (Figure 6B). Transition to the
u
pore state requires complete dissociation of the do- e
main 2-domain 3 interface in order to free domain 3. 1
dThen domain 2 buckles fully, possibly forming a β sand-w
l
b
i
t
p
o
b
C
O
m
l
a
o
s
Figure 6. Cartoon Showing the Major Stages in Pore Formation
o
(A) Monomer binding to the membrane surface. The domains are
pcolored as in Figure 4A.
f(B) The prepore oligomer shown with three subunits.
h(C) Three subunits of the pore.
dich between the two halves of the domain. The col-
apse of domain 2 brings domain 3 close to the mem-
rane so that domain 3 helical regions can unfold and
nsert (Figure 6C). The movements of domain 2 also tilt
he top of domain 4 away from the oligomer axis, im-
osing a sharp bend on the membrane around the edge
f the oligomer (Figure 2D) and ultimately breaking the
ilayer to form the 230–260 Å diameter hole.
onclusions
ur findings show that pneumolysin and the other
embers of the highly conserved CDC family form the
argest transmembrane β barrels ever found, containing
s many as 176 strands or more. The cryo-EM maps
f PLY determined in this work along with the atomic
tructures of the domains of PFO give a clear indication
f the dramatic restructuring during pore formation and
rovide a view of a CDC pore structure and the pore-
orming mechanism. Many aspects of pore formation
ave been directly observed, including the buckling of
omain 2, the massive refolding of domain 3, and mem-
rane bending. The interface between domains 2 and
may play a key role in triggering the bending of do-
ain 2, which in turn releases domain 3 and delivers it
o the membrane surface. These movements can all oc-
ur with high concentrations of PLY in solution, sug-
esting that the role of the membrane is to provide the
inding site so that oriented monomers are concen-
rated for assembly; the oligomers are then able to de-
orm and break the membrane to assemble the β barrel
ore lining.
xperimental Procedures
rotein Purification and Liposome Preparation
neumolysin was expressed and purified as previously described
Gilbert et al., 1998). Initially liposomes were prepared by dialysis
sing a molar ratio of 10:10:1 cholesterol, phosphatidylcholine, and
icetyl phosphate as previously described (Gilbert et al., 1998),
ith a final lipid concentration of 2 mM. However, more pore
mages were obtained using liposomes freshly prepared by extru-
ion instead of dialysis. The lipid mixture (final concentration 4 mM)
as resuspended in 200 mM NaCl, 50 mM NaH2PO4, and passed
hrough a miniextruder with 0.1 m polycarbonate membranes, ac-
ording to the manufacturer’s instructions (Avanti Polar Lipids).
lectron Microscopy
neumolysin was added to fresh liposomes at a molar ratio of
:2000 total lipids for the dialyzed liposomes and 1:4000 for the
xtruded liposomes. The mixture was placed on ice for 5 min and
hen incubated at 37°C for 3 min, after which 3.5 l was placed on
positively glow-discharged holey carbon support film and left for
min before blotting and vitrification in liquid ethane. Grid prepara-
ion was carried out at 21°C and 90%–96% relative humidity.
mages were collected with low electron dose on a Tecnai F20 FEG
icroscope operating at a voltage of 200 kV and a magnification
f 42,000. The defocus (range 1.1–3.2 m) and astigmatism were
etermined using CTFFIND2 (Crowther et al., 1996).
mage Preprocessing
uitable micrographs were digitized on a Zeiss SCAI scanner at a
ixel size of 7 m and 2 × 2 averaged to 3.5 Å/pixel at the specimen
evel. Both prepore and inserted oligomers, along with some end
iews of free PLY oligomers, were selected from 135 micrographs
sing Ximdisp (Smith, 1999). Image phases were corrected for the
ffects of the contrast transfer function in Imagic (van Heel et al.,
996) at a box size of 400 × 400 pixels. Further processing was
one in 300 × 300 pixel boxes in Imagic; the images were high-
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255pass filtered with a Gaussian edge (midpoint (350 Å)−1) to suppress
low-frequency noise and normalized. Low-pass filtering was not
necessary because there was very little signal at high frequencies.
The oligomer images were iteratively aligned and classified. The
reference for the first step of alignment was an image showing a
simplified shape of the oligomer with adjacent membrane but no
internal features to bring the oligomers to a horizontal orientation
and face them upwards.
3D Reconstruction
Multivariate statistical analysis (MSA) of the centered particles re-
vealed that both states varied in size, with a larger variation for the
pores. The images were sorted into size groups by a combination
of multireference alignment (MRA), MSA, and classification, using
the strategy described by White et al. (White et al., 2004). After
several iterations of MRA and MSA, the best class averages (the
ones containing the most raw data and least variance) were used
to generate 3D reconstructions by applying the symmetry esti-
mated by comparing diameters to those of end views of deter-
mined symmetry. New references were generated by reprojecting
the 3D maps in side views and in tilted views up to 20° from the
side view. Alignment to these references gave significant improve-
ments to the class averages and showed that a range of tilted
views was present in the data sets. Angles were assigned to the
class averages by matching to reprojections of the improved 3D
maps. In further iterations the angular step size for projection
matching was reduced from 5° to 2.5° and rotation around the sym-
metry axis of the oligomer was included. The symmetry estimates
were refined by comparing density features and matches of repro-
jections to input class averages for maps created with a wide range
of symmetries (29–38 for the prepore oligomers and 28–46 for the
pore form). For the prepore form, 223 images (in 32 class averages)
out of a total of 492 aligned to one size class. Symmetries in the
range 29–34 all gave very similar prepore maps with distinct pro-
tein-density features (high standard deviation). Thirty-one-fold
symmetry was chosen on the basis of subsequent fitting and com-
parison to the pore structures (see below).
A similar strategy was used for refinement of the pore form, but
alignment was more difficult due to the greater size variation, the
gap in the bilayer, and interference from adjacent membranes. In
order to sort the pores into size classes, it was necessary to create
model reference maps of different symmetries from a single map
created from the best class average (the one containing the most
raw images with least variance) with a defined symmetry. This was
done by masking one repeat and shifting it to smaller radii to gener-
ate medium-sized and small models. Reprojections of the three
maps were used to align and sort the data set of 377 images. After
refinement as above, two pore structures were obtained: a 38-mer
generated from 88 images in 11 classes and a 44-mer from 43
images in 6 classes. To test consistency between the pore maps
of different symmetry, density wedges corresponding to three adja-
cent subunits were extracted from each pore map, aligned to-
gether, and their weighted average was calculated. The hand of the
maps was not determined and might be the reverse of the one
shown. The only feature of the fitting that would be affected by a
change in hand is the direction of tilt of domain 4 around the ring
(Figures 4B and 4D). This domain is not involved in packing con-
tacts, and a reversal of hand would not affect the interpretation.
For presentation and fitting, the maps were sharpened by high-
pass filtering with 50% suppression of amplitudes at (80 Å)−1 for
the prepore and (105 Å)−1 for the pore, increasing to 80% suppres-
sion at lower frequencies.
Atomic Structure Fitting
Manual fitting of domains was done with Pymol (http://pymol.
sourceforge.net/). Automated fitting was less successful because
of the nonrigid body changes and continuity of protein density with
the membrane. The subunit packing in the fitted oligomer was
checked both visually and using the software CONTACT (CCP4,
1994) by examining main chain clashes. Final fitting for the pore
structure was done using the weighted sum of the 38- and 44-mer
maps. The final symmetries gave consistent packing between all
three structures and are consistent with the relative diameters ofthe different rings. Mutation sites in PLY were mapped onto the
PFO sequence after alignment with ClustalW (Thompson et al.,
1994), in order to locate their positions in the fitted domains. Fig-
ures were created with Pymol.
Supplemental Data
Supplemental Data include one figure and are available with this
article online at http://www.cell.com/cgi/content/full/121/2/247/DC1/.
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